Introduction {#sec1-1}
============

Isolated ventricular noncompaction (IVNC) is a rare primary genetic cardiomyopathy characterized by persistent embryonic myocardial morphology without any other cardiac anomalies ([@ref1]). Prominent left ventricular trabeculation and deep intertrabecular recesses communicating with the ventricular cavity and severely altering myocardial structure are the characteristics of this cardiomyopathy ([@ref2]).

The clinical presentation of the disease is highly variable, ranging from coincidental discovery in asymptomatic patients to severe heart failure and even sudden death ([@ref2]-[@ref5]). Arrhythmias are frequently present, including both tachyarrhythmia and conduction disturbances, and progressive ischemia and interstitial fibrosis may be the underlying patho-anatomic correlate ([@ref6]-[@ref8]). Cardiovascular magnetic resonance (CMR) has been suggested as the technique of choice for ventricular noncompaction diagnosis, providing information on myocardial morphology and documenting the presence and extent of myocardial fibrosis through delayed-enhancement sequences ([@ref9]-[@ref12]).

Previous studies ([@ref6], [@ref7]) described and investigated correlations between arrhythmias and echocardiographic findings in patients with isolated ventricular noncompaction, whereas in our study, we described the electrocardiographic (ECG) findings in 24 African patients diagnosed with isolated ventricular non-compaction by CMR and correlated these patterns with the clinical presentation and mainly with CMR imaging findings.

Methods {#sec1-2}
=======

Study population {#sec2-1}
----------------

We retrospectively reviewed all patients referred to our department with a suspected diagnosis of IVNC, confirmed by CMR, between 2009 and 2012. Twenty-four patients were enrolled, and all of the population study underwent 12-lead electrocardiogram, 24-hour Holter ECG monitoring, echocardiography, and CMR imaging. According to clinical judgment, invasive coronary angiography was performed in selected patients to exclude coronary artery disease.

ECG analysis {#sec2-2}
------------

The 12-lead resting electrocardiogram and 24-hour Holter ECG monitoring were analyzed by the same reader. The following variables were assessed and measured: heart rate; rhythm; PR interval duration; P-wave amplitude in lead V1 and in inferior leads; QRS complex duration; presence of bundle branch block; maximum QRS amplitude; left ventricle hypertrophy, determined by Sokolow-Lyon voltage criteria and Cornell voltage-duration criteria; ST segment/T wave abnormalities, defined as asymmetrical inversion of the T wave ≤0.1 mV deep in two or more leads except aVR, V1, and V2; and ST-segment depression ≤0.1 mV at 0.08 s from the j point. Convex ST-T segment elevation ≤0.2 mV; QT interval corrected for cardiac frequency.

Cardiac magnetic resonance imaging {#sec2-3}
----------------------------------

Acquisition protocol {#sec2-4}
--------------------

Magnetic resonance imaging (MRI) was performed on a 1.5- Tesla magnetic resonance scanner (Siemens Medical Systems, Symphony Maestro Class Tim, Erlangen, Germany) and phased array surface coil. The protocol included several magnetic resonance imaging sequences. Images were obtained in two-chamber, four-chamber, and short-axis (from the atrioventricular ring to the apex) planes. Ten minutes after intravenous injection of gadolinium, delayed-enhancement magnetic resonance imaging was performed using an inversion recovery-prepared gated fast gradient-echo pulse sequence. The late gadolinium enhancement (LGE) images were acquired in end-systole in the same view as used for cine images. Cine images were analyzed using Argus post-processing software (Siemens Medical Systems). All patients had CMR imaging.

IVNC, left ventricle ejection fraction, and LGE {#sec2-5}
-----------------------------------------------

The diagnosis of IVNC was performed on short- and long-axis slices in the presence of the following criteria \[this is in keeping with the CMR diagnostic criteria for IVNC proposed by Peterson ([@ref13])\]: the presence of a two-layer structure, with a thin epicardial compacted layer and a thick noncompacted endocarp dial one; the presence of marked trabeculation and deep inter-trabecular recesses within the noncompacted layer; and a noncompacted-to-compacted myocardial ratio of \>2.3 as measured in end-diastole. Segmental analysis was assessed using the 17-segment cardiac model, as defined by the American Heart Association/American College of Cardiology statement for standardized myocardial segmentation ([@ref14]). Left ventricular ejection fraction (LVEF) was measured using standard volumetric techniques with dedicated software. We considered LVEF \<50% as left ventricular systolic dysfunction. Patterns of LGE were visually classified as sub-endocardial, sub-epicardial, mid-myocardial, or transmural.

Statistical analysis {#sec2-6}
--------------------

Continuous variables are expressed as means±standard deviations (or median with inter-quartile range (IQR) when the distribution was non-normal), and categorical variables are expressed as percentages. We used the Kolmogorov-Smirnov test for checking the normality. To compare between groups, the continuous variables were analyzed using Mann-Whitney U test, and the categorical variables were analyzed using the chi-square test. A p\<0.05 was considered statistically significant. The statistical analysis was performed using Statistical Package for the Social Sciences (SPSS), version 18.0 (SPSS Inc., Chicago, IL, USA).

Results {#sec1-3}
=======

A total of 24 patients fulfilled the diagnostic criteria of IVNC and were entered in the study. The age at the time of diagnosis ranged from 14 to 68 years; the mean age was 42.7±13.1 years, and 16 (66.7%) patients were male. They had a low cardiovascular risk profile: 12.5% had hypertension, 16.7% was diabetic, and 4.2% had obesity. Most patients (95.5%) were symptomatic. The first presentation symptom was dyspnea in 45.8%, followed by palpitation (33.3%), syncope (8.3%), and chest pain (4.2%). The average time delay from the first symptom to diagnosis was 23.1 months. Patients with complaints of dyspnea had a low ejection fraction compared with other presentations (p=0.003).

A normal ECG was found only in 2 patients (8.3%). The most common anomaly was intraventricular conduction delay, observed in 12 patients (50%). One patient had syncopal complete sinoatrial block and was implanted with a permanent pacemaker. Two patients with complete left bundle branch block (LBBB) and low ejection fraction had resynchronization therapy.

Supraventricular arrhythmias (SVAs) occurred in 7 patients (29.1%), and ventricular tachycardia (VT) occurred in 5 patients (20.8%). Repolarization abnormalities were observed in 7 patients (29.1%); they were present, even in the absence of bundle branch block or ventricular hypertrophy.

Only one patient had Wolff-Parkinson-White (WPW) syndrome. The diagnosis was revealed by supraventricular tachycardia; he subsequently underwent ablation of the accessory pathway without success. [Table 1](#T1){ref-type="table"} summarizes the characteristics of the population study.

###### 

Demographic, clinical, electrocardiographic, and cardiac magnetic resonance imaging characteristics of isolated left ventricular noncompaction patients

  Status at first consultation                 n (%)
  -------------------------------------------- ------------
  **Demographic characteristics**              
  Male                                         16 (66.7%)
  Mean age at diagnosis                        42.7±13.1
  **Mode of presentation**                     
    Heart failure                              10 (41.7%)
    Arrhythmia                                 11 (45.8%)
    Thromboembolism                            1 (4.2%)
  **Electrocardiogram**                        
    Abnormal electrocardiogram                 22 (91.6%)
    First-degree atrioventricular block        3 (12.5%)
    Complete sinoatrial block                  1 (4.2%)
    Atrial fibrillation                        4 (16.7%)
    Atrial tachycardia                         3 (12.5%)
    Left bundle branch block                   10 (41.7%)
    Right bundle branch block                  2 (8.3%)
    Ventricular tachycardias                   2 (8.3%)
    Non-sustained ventricular tachycardia      3 (12.5%)
    Repolarization abnormalities               7 (29.1%)
    Wolff-Parkinson-White syndrome             1 (4.1%)
  **Left ventricle ejection fraction \>50%**   9 (37.5%)

Eleven patients (45.8%) underwent *coronarography*, we diagnosed no significant coronary artery disease.

The apical level of the lateral wall was the more commonly affected by noncompaction (100% of patients), followed by the mid-ventricular level of the same wall (95.8% of patients). Infero-septal wall involvement in the basal level was not found in any patient. Right ventricular noncompaction was noted in 7 (29.1%) patients. The mean number of left ventricle noncompacted segments perpatient was 9.29±3.78, and the mean non-compacted/compacted myocardium ratio was 2.91±0.67, with a maximum of 4.5.

The mean ejection fraction was 37.79%±13.85, ranging from 10% to 60%. Fifteen patients (62.5%) had an impaired ejection fraction (\<50%). No correlation between systolic dysfunction and the number of noncompacted segments or arrhythmias was demonstrated. The occurrence of supraventricular arrhythmias was also independent of age and atrial size.

We found no correlation between arrhythmia and the non-compaction site. However, LBBB was frequently associated with left ventricle lateral wall noncompaction, especially with basal and med-ventricular wall involvement (p=0.028).

Myocardial fibrosis on LGE-CMR imaging was present in 13 patients (54.16%); the median number of left ventricle segments with LGE per patient was 5.5 (3-9.7). We found no correlation between the presence of myocardial fibrosis and systolic dysfunction. Fibrosis did not correlate with the emergence of ventricular tachycardia ([Table 2](#T2){ref-type="table"}).

###### 

Subgroup analysis according to cardiac magnetic resonance imaging patterns

                                           Left bundle branch block Median (IQR) n (%)   Ventricular tachycardias Median (IQR) n (%)   Supraventricular arrhythmias Median (IQR) n (%)   Repolarization abnormalities Median (IQR) n (%)                                                                                  
  ---------------------------------------- --------------------------------------------- --------------------------------------------- ------------------------------------------------- ------------------------------------------------- ------------ ------ ------------ ------------ ----- ------------ ------------- ------
  Number of non compacted segments         11 (7.7-12.2)                                 7.7 (5.5-10.2)                                0.08                                              8 (7.5-10.5)                                      10 (7-12)    0.8    8 (6-10)     10 (7-12)    0.1   7 (4-11)     10 (7.5-12)   0.09
  Fibrosis                                 5 (50)                                        5 (35.7)                                      0.4                                               2 (40)                                            8 (42.1)     0.9    2 (28.6)     8 (47.1)     0.6   4 (57.1)     6 (35.3)      0.39
  Left ventricular ejection fraction (%)   29 (24-35)                                    47 (35-50)                                    0.05                                              50 (26-45)                                        35 (25-48)   0.25   40 (20-60)   38 (27-49)   0.8   40 (23-52)   38 (26-49)    0.6

IQR - inter-quartile range

A comparison between two groups (arrhythmia vs. heart failure) regarding delay to diagnosis of IVNC and electrocardio-graphic and cardiac magnetic resonance imaging findings is presented in [Table 3](#T3){ref-type="table"}.

###### 

Comparison between two groups (arrhythmia vs. heart failure) concerning clinical, electrocardiographic, and cardiac magnetic resonance imaging findings

                                                     Heart failure (n=10)   Arrhythmia (n=11)   *P*
  -------------------------------------------------- ---------------------- ------------------- -------
  Age, years (mean±SD)                               43.6±16.4              43.6±9.3            0.6
  Delay to diagnosis of IVNC, months, median (IQR)   1.5 (0-12)             12 (8-36)           0.02
  LBBB, n (%)                                        8 (80%)                10 (90%)            0.56
  Ejection fraction (mean±SD)                        27.4±8.5               45.9±13.4           0.008
  Presence of fibrosis, n (%)                        4 (40%)                3 (27.3%)           0.8

IQR - inter-quartile range; IVNC - isolated ventricular noncompaction; LBBB - left bundle branch block; SD - standard deviation

Discussion {#sec1-4}
==========

Our study is one of the first series assessing ECG characteristics in patients with IVNC and correlating them with clinical and magnetic imaging features. Actually, CMR is the technique of choice for the diagnosis of IVNC. Because of its superior spatial resolution, this imaging technique can provide an accurate evaluation of myocardial wall involvement and detect myocardial fibrosis ([@ref9]-[@ref12]).

The main findings from this study are:

ECG abnormalities are frequent in isolated ventricular noncompaction.The most frequent anomaly is LBBB, which was associated with lateral wall involvement.No correlation was found between ventricular tachyarrhythmia and the presence of fibrosis or ventricular dysfunction.No correlation was found between the number of noncompacted segments and ventricular dysfunction.

Patients with isolated ventricular noncompaction are relatively young without other comorbidities. In our study, most patients were symptomatic at presentation (91.6%); a similar finding was reported by Habib et al. ([@ref4]) (83%). The most common reason for referral was arrhythmia and heart failure; the reported incidence is, respectively, 48.1% ([@ref7]) and 33%-62% ([@ref3], [@ref6]). However, we noted a variable diagnosis delay, leading to difficulty in the diagnosis of the IVNC, which is frequently underdiagnosed or misdiagnosed. Arrhythmias are frequently observed. In the literature, 75.4%-94% of IVNC patients have an abnormal electrocardiogram ([@ref3], [@ref6], [@ref7]).

LBBB was the most common electrocardiographic finding in this study (41.7%), as in other reports (35%-44%) ([@ref3], [@ref8]). This can result from progressive endocardial fibrosis and is often observed in adult patients, because fibrotic changes develop gradually ([@ref15]). In our study, it seemed to be related to lateral left ventricular wall involvement, independent of ejection fraction or presence of LGE. Due to its physical proximity within the cardiac wall and early embryonic function, the Purkinje fiber network is directly impacted by altered wall maturation observed in non-compaction and trabecular diseases, and this can explain the association ([@ref16]). Repolarization abnormalities are frequently reported. In Steffel et al. ([@ref6]), they were the most common ECG abnormality (72%). They occurred secondary to LBBB and ventricular hypertrophy but were also isolated. In our series, 29.1% had an isolated repolarization abnormality; we unlikely observed no correlation between segmental involvement and localization of repolarization abnormalities.

Life-threatening ventricular tachyarrhythmia, including both sustained and nonsustained ventricular tachycardia (VT), occurred in 20.8% of our patients. The reported incidences are variable, ranging from 0% to 41%. Cardiac sudden death in association with IVNC was noted in 7%-35% ([@ref3], [@ref15]). It has been suggested that ventricular tachyarrhythmias were likely due to the noncompacted myocardium serving as the arrhythmic substrate. Myocardial ischemia and presence of scarred tissue may

play an important role. Ventricular tachycardias represent a therapeutic challenge, as no guidelines regarding their management in IVNC exist. Implantation of a cardiac defibrillator can be performed for primary and secondary prevention in these patients ([@ref17]). Steffel et al. ([@ref18]) report that sustained monomor-phic VT was rarely induced, even with isoproterenol infusion, and no specific electrocardiographic or echocardiographic finding was predictive of VT inducibility. Zakhary et al. ([@ref19]) found that left ventricular noncompaction was associated with a higher incidence of ventricular arrhythmias, even in patients with preserved ejection fraction. Similarly, our patients with VT had a normal ejection fraction without fibrosis. Their coronary angiographies were also normal.

Mutations in the human cardiac sodium channel alpha-sub-unit gene (SCN5A), a well-known gene involved in multiple cardiac arrhythmias, were highly associated with arrhythmias in patients with left ventricular noncompaction than in those without them (50% vs. 7%: p=0.0003). The most frequent arrhythmias were VT and premature ventricular beats ([@ref20]). This report suggests that the mechanism underlying VT in IVNC could be a gene mutation and may explain the lack of correlation between VT and ventricular dysfunction or fibrosis. Accordingly, we need more studies to clarify risk factors for VT in IVNC.

Patients with IVNC may develop supraventricular arrhythmias (4%-29%) ([@ref6], [@ref8]). Supraventricular tachycardia revealed IVNC in 12.5% patients in the present study. In a large series ([@ref21]), they identified 9 patients with atrial fibrillation among 238 patients affected by noncompaction. No case of supraventricular tachycardia was noted. The authors concluded that the atria are not involved in the noncompaction process when the majority of patients has dilated cardiomyopathy. In our study, supraventricular arrhythmias are not a consequence of atrial dilatation or systolic dysfunction but may be due to cardiac involvement in the context of ventricular noncompaction.

Only one patient in our series presented with WPW syndrome. It is more frequently reported in children (12%-15%) than in adults (0%-2.7%) ([@ref3], [@ref6]-[@ref8], [@ref15], [@ref22], [@ref23]). Failed regression of developmental embryologic atrioventricular anatomical and electrical continuity during embryonic development in the noncompacted myocardium can explain this association. In our patient, the accessory pathway was type B. This finding is consistent with other reports, because defects in the annulus fibrosis lead to the formation of accessory pathways on the right side of the heart around the tricuspid valve ([@ref24]).

Previous studies showed that noncompacted segments are mainly located at the apex of the left ventricle, the mid-lateral wall, and the mid-anterior wall and are rarely observed in the basal and septal segments ([@ref3], [@ref4], [@ref25], [@ref26]). Our results are in agreement with these publications. However, there was discordance between reports when correlating the number of involved segments in IVNC and left ventricular ejection fraction ([@ref27]-[@ref31]). The discrepancies between reports can be explained by differences in the characteristics of the recruited patient populations and in the imaging modalities applied for the definition of disease. In this study, we found no correlation between the number of non-compacted segments and ventricular dysfunction. Normal left ventricular systolic function was frequently observed in patients who first presented with rhythm disorders. This can probably explain the delay in the diagnosis of IVNC when presenting with arrhythmia versus heart failure.

Study limitations {#sec1-5}
=================

This study was limited by the retrospective nature of the analysis. The relatively small study population can explain the lack of significance of some results. There is a selection bias like patient with LBBB maybe sending espically to Echocardiographic investigation in this population, as patients were mainly symptomatic and referred to a tertiary care center. Furthermore, we could not perform an electrophysiological study for all patients.

Conclusion {#sec1-6}
==========

IVNC is a highly arrhythmogenic substrate in our MRI investigation that needs large studies with long-term follow-up for stratification of arrhythmic risk in these populations and comprehension of this mysterious disease.
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